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APPROACH 

STATUS 

STRESS AND EFFICIENCY STUDIES IN EFG 

• Horizontal temperature variations can 

GIVE STRESS REDUCTIONS, BUT NOT SUF- 
FICIENT TO OVERCOME CREEP LIMITATIONS 
ON GROWTH SPEED IN VERTICAL MODE. 

CONTRACTOR 

• Quantitative high resolution EBIC 

MOBIL SOLAR ENERGY CORPORATION, 

CONTRACT NUMBER 956312 

ANALYSIS DEVELOPED J 

COALS 

- EBIC STUDIES DEMONSTRATE POINT DE- 

• TO DEFINE MINIMUM STRESS CONFIGURA- 

FECT LIMITATIONS ON DIFFUSION 

TION FOR SILICON SHEET GROWTH. 

LENGTH IN PZ AND CZ SILICON HEAT 
TREATED AND STRESSED ABOVE 1200°C 

• 10 QUANTIFY DISLOCATION ELECTRICAL 

AND COOLED RAPIDLY. No DEPENDENCE 

ACTIVITY AND LIMITS ON CELL 

ON OXYGEN OR CARBON LEVELS. SIMI- 

EFFICIENCY. 

LAR RESULTS FOR EFG SHEET. 

• LOW RESISTIVITY AS-GROWN EFG MATERIAL 

• TO STUDY BULK LIFETIME DEGRADATION 

DIFFUSION LENGTHS IMPROVED BY GALLIUM 

DUE TO INCREASE IN DOPING LEVELS. 

OVER BORON DOPANT. 


Low-Stress EFG Configurations 

• Stress, dislocation densities reduced only at 

EXPENSE OF GROWTH SPEED CAPACITY: 

- For interface gradients < 1000°C, speed is 
LIMITED TO 1-1.5 CM/MIN. 

- Nq i 1 X 10 5 /CM 2 , L'u'DERS STRAIN OCCURRENCE 
ELIMINATED, RESIDUAL STRESS IS REDUCED. 

• Horizontal gradient modeling shows some 

PROMISE FOR STRESS MANIPULATION BELOW 1200°C 
TO 900°C, WHERE CREEP IS STILL SIGNIFICANT, 
BUT WILL NOT ALLOW SPEED CAPACITY INCREASES. 

• INCLINED INTERFACE GROWTH APPEARS TO BE ONLY 
ALTERNATIVE TO OVERCOME HIGH TEMPERATURE 
CREEP LIMITATION. 
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Growth Direction 





HIGH STRESS, 2 CM/MIN, Ng ~ 10^ TO lO^/CM^ 


Center 



LOW STRESS, 1 CM/MIN, Ng < 1 X 10^/CM^ 
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New Interpretation of Stress-Strain 
Effects in High-Speed Sheet Growth 
(J. W. Hutchinson, Harvard University) 



i 


• non-tmerhal inelastic strain contributes to interface 

VELOCITY NONUNIFORMITY 


C 1 . C c ♦ C M 

CREEP misfit 
STRAIN STRAIN 



• IMPLICATIONS OF VELOCITY NONUNIFORMITY ON INTERFACE 
SHAPE, STRUC.URE unknown. 
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Stress Analysis with Horizontal Temperature Gradients 



• HIGH CREEP CONDITION, V • 3 CM/MIN, WIDTH Qr 3 CM. 

• PARABOLIC HORIZONTAL PROF I LE t 

- HORIZONTAL INTERFACE PROFILE. 

- PEAK DIFFERENCE Al yAy OCCURS AT D I ST ANCE AX ma 
FROM INTERFACE. 
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Maximum Residual (Room Temperature) 
Stress (MPa) for Horizontal 
Temperature Field Variations 


A) SO = 500°C/cm. SI = 60°C/cm 

at max 
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B) SO * 

1250°C/CM. SI 

= 40°C/cm 
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EBIC Measurement Configurations 



• BES1RE HIGH RESOLUTION ON L MEASUREMENT • 

• RELATE SAMPLE JNMOMOGENEITIES IN L TO 1ULK 
L (LARGE AREA MEASUREMENT) » 
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H1$h M9n1f1c*Oon EBIC line tcms in stressed certon-rlch 
(111) CZ silicon. 


High-Resolution EBIC Results 


• Large differences found between surface and edge 

CROSS SECTION MEASUREMENTS OF DIFFUSION LENGTH 
BY EBIC. 


• Difference attributed to ability to resolve 

DIFFUSION LENGTH INHOMOGENEITIES IN NEAR-SURFACE 
REGIONS OF STRESSED SAMPLES AT 2 500X. 


• Caution must be exercised in interpretation of 

EDGE CROSS SECTION EBIC MEASUREMENTS DUE TO 
GEOMETRICAL EFFECTS IN ADDITION TO MATERIAL 
INHOMOGENEITIES. 
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EBIC Characterization 


• Scope of the present study: 

- CZ SILICON OF VARIOUS CARBON LEVELS AND FZ 
SILICON STRESSED ABOVE 1200°C, AND EF6 
SHEET. 


- Crystal growth Furnace 17 and sealed/ 

EVACUATED QUARTZ AMPOULE ANNEALS. 


• Dislocation density dependence of L with N d 
up to ~1 x 10 7 /cm 2 . 

- Effect of post-deformation one-hour anneals 
AT 575°C AND 850°C. 


FZ and Cz Silicon Wafer Description for Samples Stressed 
at 1 370 °C in Four-Point Bending 


Sample 

0, (cm* 3 ) 

C s (cm’ 3 ) 

N q (As-Grown) (cm* 2 ) 

Stress (MPa) 

nJ (cm’ 2 ) 

Np (cm* 2 ) 

(111) FZ (#15) 

<10 16 

<10 16 

0 

8 

1 x 10 6 

<10 4 

(111) FZ (#17) 

<10 16 

A 

O 

o> 

0 

14 

1 x 10 7 

5 x 10 4 

(100) CZ (#25) 

HO 18 

A 

O 

0 

14 

-10 7 

<5 x 10 4 

(111) CZ (#9; 

-io'« 

4 x 10 17 

-10 4 

7 

~10 6 • 

2 x 10 4 
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0.056 f +24°C 


0.038 
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EBIC line scans for stressed FZ silicon sample I17C In central 
high dislocation density M x 10 7 /cm J ) region: (a) after four- 

point bonding at 1370°C; (b) after one-hour anneal at 575°C; 

(c) after one-hour anneal at 850°C. 


Observations 


• Anneals above 1200°C in evacuateo quartz ampoule in 

QUARTZ TUBE FURNACE AND CRYSTAL GROWTH FURNACE HAVE 
SIMILAR EFFECTS IN DEGRADING L. 

• L IS 15-25 MICRONS IN DISLOCATION-FREE REE'Ct.s; 
DISLOCATIONS UP TO -1 X 10 7 /CM 2 DEGRADE IT TO 10-15 
MICRONS. 

• Subsequent one-hour anneals at 575°C and 850°C raisf 

L BY FACTOR OF TWO AT BEST (MUCH BELOW STARTING 
1-150 MICRONS). 

• - VALUES ARE INDEPENDENT OF OXYGEN ANO CARBON 
CONCENTRATIONS. AND SIMILAR TO EFG AS-GROWN 

MATERIAL. 
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Conclusions 

• L IS POINT DEFECT LIMITED TO RANGE OF ABOUT 20 MICRONS 
AND IS FIXED BY COOLING RATE FROM HIGH TEMPERATURES . 

C I N-DI FFUS I ON OF SLOW DIFFUSING IMPURITIES RULED OUT — 
NO GRADIENTS. 

• IF IN-DIFFUSION BY IRON OCCURS/ DISLOCATIONS/ CARBON 
AND OXYGEN DO NOT PRODUCE SIGNIFICANT GETTER I NG WITH 
ANNEALING FOR ONE HOUR AT 575°C AND 850°C. 


Comparison of Boron and Gallium-Doped EFG 
Material As-Grown Quality as a Function 
of Resistivity 


Resistivity (ohm-cm) Dopant Type SPV L (microns) 


undoped (> 15) 
5 

1 

0.2 


BORON 
GALL I UM 

BORON 

GALLIUM 

BORON 

GALLIUM 


40-60 

38 

70 

40 

55 

27 

45 
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Future Work 


• EBIC STUDIES OF FZ SILICON STRESSED AT 
600-1000°C, COOLED UNDER LOAD 

- Suggestion is that dislocation electrical 

ACTIVITY MAY DIFFER WHEN COOLED WITH AND 
WITHOUT STRESS. 

- USE INFORMATION TO HELP IDENTIFY TEMPERATURE OF 
GENERATION OF DISLOCATIONS IN EF6 SHEET-STRESS 
CONDITIONS. 

- Phosphorus getter ing (900°C) response. 

• Continued characterization and comparison of low 
resistivity boron ano gallium dopant effects. 

• Modeling of horizontal temperature profiles in 
sheet growth. 

• Examination of feasibility of inclined interface 
EFG for stress reduction. 
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